The cytoplasm of neural cells contain millimolar amounts of ATP, which flood the extracellular space after injury, activating purinergic receptors expressed by glial cells and increasing gliotransmitter production. These gliotransmitters, which are thought to orchestrate neuroinflammation, remain widely uncharacterized. Recently, we showed that microglial cells produce 2-arachidonoylglycerol (2-AG), an endocannabinoid known to prevent the propagation of harmful neuroinflammation, and that ATP increases this production by threefold at 2.5 min (Witting et al., 2004). Here we show that ATP increases 2-AG production from mouse astrocytes in culture, a response that is more rapid (i.e., significant within 10 sec) and pronounced (i.e., 60-fold increase at 2.5 min) than any stimulus-induced increase in endocannabinoid production reported thus far. Increased 2-AG production from astrocytes requires millimolar amounts of ATP, activation of purinergic P2X 7 receptors, sustained rise in intracellular calcium, and diacylglycerol lipase activity. Furthermore, we show that astrocytes express monoacylglycerol lipase (MGL), the main hydrolyzing enzyme of 2-AG, the pharmacological inhibition of which potentiates the ATP-induced 2-AG production (up to 113-fold of basal 2-AG production at 2.5 min). Our results show that ATP greatly increases, and MGL limits, 2-AG production from astrocytes. We propose that 2-AG may function as a gliotransmitter, with MGL inhibitors potentiating this production and possibly restraining the propagation of harmful neuroinflammation.
Introduction
In the CNS, two endocannabinoids have been identified and well characterized: arachidonoylethanolamide (AEA; also known as anandamide) and 2-AG, which activate cannabinoid receptors with distinct pharmacology (Devane et al., 1992; Sugiura et al., 1995; Stella et al., 1997) . Recent studies suggest that short-term versus long-term activation of cannabinoid receptors by endocannabinoids induces unique cellular responses. For example, endocannabinoid activation of neuronal CB 1 receptors for seconds modulates presynaptic ion channels and inhibits neurotransmitter release (Wilson and Nicoll, 2002) , whereas sustained increases in endocannabinoid production and associated activation of cannabinoid receptors for minutes to hours constitutes an "on-demand" defense mechanism limiting cell damage (Marsicano et al., 2003; van der Stelt et al., 2003; Walter and Stella, 2004) . In favor of the neuroprotective role of endocannabinoids are studies showing that brain injury leads to a significant increase in endocannabinoid production (Sugiura et al., 2000 (Sugiura et al., , 2001 Panikashvili et al., 2001; Baker et al., 2001; Franklin et al., 2003) , improving cell survival after neuronal toxicity induced by kainate, ouabain, closed-head injury, ischemia, and experimental autoimmune encephalomyelitis (Sinor et al., 2000; Baker et al., 2001; Panikashvili et al., 2001; van der Stelt et al., 2001; Parmentier-Batteur et al., 2002; Marsicano et al., 2003) . The molecular mechanisms downstream of this protective effect include presynaptic inhibition of glutamate release, decreased release of cytotoxins from resident microglial cells and invading immune cells, increased growth factor expression, and lowering of blood pressure and edema (Waksman et al., 1999; Gallily et al., 2000; Cabral et al., 2001; Kreitzer and Regehr, 2001; ParmentierBatteur et al., 2002; Khaspekov et al., 2004) . Whereas the modes of action of endocannabinoids are starting to be understood, their cellular source and the molecular mechanisms controlling their production and inactivation remain unclear.
Endocannabinoid levels are finely tuned by both their production and inactivation. AEA is produced by phospholipase D and hydrolyzed by fatty acid amide hydrolase (FAAH) (Cravatt et al., 2001; Okamoto et al., 2004) , and 2-AG is produced by diacylglycerol lipase (DGL) and hydrolyzed by monoacylglycerol lipase (MGL) (Dinh et al., 2002; Bisogno et al., 2003) . Many laboratories have reported receptor-mediated increases in endocannabinoid production. To our knowledge the largest and fastest receptor-mediated increase in endocannabinoid production in any cell type has been reported in macrophages. Specifically, platelet-activating factor applied for 45 sec increases 2-AG production by 12-fold in mouse macrophages (Berdyshev et al., 2001) . Several reports on the ability of neural cells to produce endocannabinoids are also available. Stimulation of primary rat neurons with glutamate plus carbachol for 2.5 min increases AEA production by 12-fold and 2-AG production by fivefold (Stella and Piomelli, 2001) . The same stimulus applied to primary mouse neurons increases AEA production by twofold and 2-AG production by eightfold . Recently, we showed that ATP increases 2-AG production in primary mouse microglial cells, a response that is not significant at 80 sec (N. Stella, unpublished observation), yet reaches a significant threefold increase at 2.5 min (Witting et al., 2004) . Although it is known that astrocytes also produce AEA and 2-AG (Walter et al., 2002; , whether ATP affects this production is unknown.
Physiological stimuli lead to synaptic release of ATP in the nanomolar to micromolar range (Edwards and Gibb, 1993) , whereas neuropathological conditions associated with cell damage lead to cytoplasmic ATP release in the millimolar range (Dubyak and El-Moatassim, 1993) . One pivotal function ascribed to astrocytes is to maintain CNS homeostasis and orchestrate neuroinflammation through their ability to release gliotransmitters (Chen and Swanson, 2003) . For example, astrocytes express metabotropic P2Y 1,2,4,6&12 and ionotropic P2X 1-7 purinergic receptors (James and Butt, 2002; Fumagalli et al., 2003) , suggesting that these cells can sense and respond to ATP, and initiate the production of gliotransmitters (John et al., 2001) . Because sustained production of endocannabinoids is known to reduce neuroinflammation propagation, and astrocytes produce AEA and 2-AG in a calcium-dependent manner (Walter et al., 2002; , we sought to determine the effect of ATP on endocannabinoid production by astrocytes.
Materials and Methods
Materials. ATP, ADP, AMP, adenosine, adenosine 5Ј-triphosphate-2Ј,3Ј-dialdehyde (oxidized ATP), palmityl trifluoromethyl ketone (PTFMK), phenylmethanesulfonyl fluoride (PMSF), methyl arachidonyl fluorophosphonate (MAFP), EGTA, and all other reagents unless specified otherwise were from Sigma (St. Louis, MO). Pertussis toxin was from Calbiochem (La Jolla, CA). RHC80267 was from Biomol (Plymouth Meeting, PA). Arachidonyl trifluoromethyl ketone (ATFMK) was from Tocris Cookson (Ballwin, MO). Radioactive anandamide and 2-AG were from American Radiolabeled Chemicals (St. Louis, MO).
Cell culture. Mouse astrocytes and neurons in primary cultures were prepared from C57BL/6 mice as described (Walter et al., 2002) , according to the guidelines of the Institutional Animal Care and Use Committee of the University of Washington (Seattle, WA). Briefly, 6-to 8-week-old astrocytes prepared from postnatal day 1 mice were plated in DMEM supplemented with 10% fetal bovine serum (HyClone, Logan, UT) and penicillin-streptomycin (100 U/ml, 100 g/ml) for an additional 1 week and allowed to grow to confluency on 100 and 35 mm culture dishes (Corning, Corning, NY) and 13 mm glass coverslips (Fisher Scientific, Houston, TX) in 24-well plates (Corning). One day before use, astrocytes (94% pure as determined by immunofluorescent glial fibrillary acidic protein labeling) (Walter et al., 2002) were rinsed with PBS with high glucose (33 mM), and media was replaced with serum-free MEM supplemented with L-glutamine (2 mM), HEPES (10 mM), NaHCO 3 (5 mM), and penicillin-streptomycin (100 U/ml and 100 g/ml).
Neurons were prepared from day 16 mice embryos using Neurobasal (Invitrogen, San Diego, CA) supplemented with 2% B27 (Invitrogen), L-glutamate (0.024 mM), L-glutamine (0.5 mM), and penicillin-streptomycin (10 U/ml and 10 g/ml) on 100 mm dishes 1 week before use (Stella et al., 1995) .
Lipid extraction and purification. Endocannabinoids and related lipids from cells plated in 100 mm dishes were extracted and purified as previously described (Walter et al., 2002; . Briefly, cells maintained in 9 ml of culture media (37°C) were stimulated by adding 1 ml of media containing drugs prepared at 10ϫ. Stimulations were stopped by adding 10 ml of ice-cold methanol and placing dishes on ice. Endocannabinoid quantification. Endocannabinoid amounts were quantified by chemical ionization gas chromatography-mass spectrometry (CI GC-MS) as described (Walter et al., 2002; , with two important changes.
First, the internal standard used to quantify 2-AG was [ 2 H 8 ]-2-AG instead of [ 2 H 4 ]-AEA, as previously described . When injected into the GC-MS, [ 2 H 8 ]-2-AG yielded a mass spectrum with the base peak at m/z ϭ 441, corresponding to the protonated molecule with the neutral loss of one TMS alcohol ([M ϩ H -90] ϩ ) (Fig. 1a) . A second major ion was m/z ϭ 457, resulting from the loss of one TMS group ([M ϩ H -74] ϩ ) (Fig. 1a) . We selected the base peak for 2-AG quantification by isotope dilution.
Second, we found that calibration curves generated by directly injecting standards into the GC-MS were different from calibration curves generated with standards added to cell culture media and processed through the HPLC. In particular, the ratio of unlabeled standards to deuterium-labeled standards was higher when measured in media. To be closer to our experimental conditions, we generated calibration curves by adding 0, 2, 20, and 200 pmol of unlabeled standards and 200 pmol deuterium-labeled standards to 10 ml serum-free MEM and extracted and purified them in the same manner as cells. This allows a more accurate quantification of endocannabinoids and related lipids by correcting possible artifacts caused by sample processing. Using this procedure, we monitored six distinct peaks indicating adequately gas chromatography separation (Fig. 1b) . Furthermore, this procedure generated linear calibration curves (r 2 ϭ 0.99 -1.00) and reliable detection limits (2 pmol) for each lipid (data not shown).
Values are mean Ϯ SE of independent quantifications (amount lipid per milligram of protein), each performed on one 100 mm dish of cells. Statistical analyses including ANOVA and Student's t test were performed by Prism (Graph Pad Software, San Diego, CA). Protein in 35 mm dishes of primary astrocytes from the same cell culture preparation was quantified using the DC protein assay (Bio-Rad, Hercules, CA).
Calcium imaging. Calcium imaging was performed as described (Moller et al., 1997) . Briefly, astrocytes grown on 13 mm coverslips placed in 24-well plates were incubated in HEPES-bicarbonate buffer containing fura-2-AM (5 M; Molecular Probes, Eugene, OR) for 45 min at room temperature. Cells were placed in a perfusion chamber on an inverted microscope (Diaphot 200; Nikon, New York, NY) equipped with a 40ϫ, 1.3 numerical aperture oil immersion objective. Fura-2 was excited using a Lambda DG-4 filter system (Sutter Instruments, Novato, CA) at 340 and 380 nM, and fluorescence emission was collected at 510 Ϯ 20 nm via a bandpass filter. Fluorescence acquisition and image analysis were performed using a digital imaging system (R3; Inovision, Cleveland, OH). Ratios were collected at time intervals of 2 sec. To reproduce the experimental conditions used to quantify endocannabinoid production, drugs were added to the chamber under nonperfused conditions.
Reverse-transcription-PCR. Reverse transcription (RT) was performed using superscript first-strand synthesis (Invitrogen). The following mouse MGL primers were used: MGL forward, 5Ј-CAA GGC CCT CAT CTT TGT GT-3Ј; and MGL reverse, 5Ј-ACT TGG AAG TCC GAC ACC AC-3Ј. Amplification was performed by 35 cycles of: 94°C for 30 sec, 61°C for 30 sec, and 72°C for 2 min. Amplification cycles were followed by 72°C for 10 min. RT-PCR products were separated on 1.2% agarose gels, sequenced, and validated by comparison with the National Center for Biotechnology Information database. Absence of RT-PCR product in the "no RT" reaction confirmed the absence of genomic DNA in the samples.
Western blot. Western blot was performed as described . Briefly, astrocytes and neurons grown in 100 mm dishes were lysed, and membrane protein fractions were collected after centrifugation at 16,000 ϫ g for 15 min. Samples were electrophoresed (SDS-PAGE), transferred to nitrocellulose, and immunoblotted using an antibody directed against rodent MGL with or without the presence of the immunizing peptide.
MGL and FAAH activity. Cells grown in 100 mm dishes were rinsed with HEPES-bicarbonate buffer, lysed, and homogenized in 50 mM Tris, pH 7.5. For each condition, homogenate (1 ml, 35 g protein) was incubated with 75 pM [ 3 H (N) ]-2-AG for MGL activity or [ 3 H (N) ]-AEA for FAAH activity (American Radiolabeled Chemicals) for 5 min at 37°C. Reactions were stopped by adding methanol (1 ml), and lipids were extracted with chloroform containing arachidonic acid and 1-AG for MGL activity or AEA for FAAH activity (each at 20 M; Cayman Chemicals, Ann Arbor, MI). Samples were separated on silica gel plates (Analtech) using chloroform:methanol:ammonium hydroxide (80:20:1) as solvent system. Lipids were visualized with phosphomolybdic acid (10% in ethanol), bands were scraped off of plates, and radioactivity was determined by scintillation counting. Background radioactivity levels obtained by performing the reaction in the absence of cell homogenate were systematically subtracted.
Results

ATP increases 2-AG but not other endocannabinoids in astrocytes
Quantification of endocannabinoid production by CI GC-MS showed that primary cultures of mouse astrocytes under basal conditions produced 2-AG at 6.88 Ϯ 0.61 pmol/mg, AEA at 3.1 Ϯ 1.2 pmol/mg, HEA at 0.4 Ϯ 0.2 pmol/mg, DEA at 0.5 Ϯ 0.2 pmol/mg, PEA at 13.4 Ϯ 3.6 pmol/mg, and OEA at 0.7 Ϯ 0.1 pmol/mg (n ϭ 35), amounts similar to those previously reported (Walter et al., 2002; . When astrocytes were treated with increasing concentrations of ATP for 30 sec, 2-AG levels increased in a dose-dependent manner (Fig. 2a) , whereas levels of other endocannabinoids and related lipids measured were unchanged (data not shown).
We determined the time course of this response, using ATP at two concentrations: 100 M, which reflects physiological levels, and 3 mM, which corresponds to the levels reached during injury. At 100 M, ATP increased 2-AG production by ninefold at 30 sec (Fig. 2b) , which was the only time point with a significant response. At 3 mM, ATP increased 2-AG production 25-fold at 10 sec, a response that reached 60-fold at 2.5 min and decreased thereafter (Fig. 2b) . To our knowledge, this is the fastest and largest neurotransmitter-induced increase in 2-AG reported for any cell type.
EctoATPases hydrolyze ATP into ADP, AMP, and adenosine, which also elicit cellular responses (Joseph et al., 2003) . To rule out the possibility that the effects of ATP on 2-AG were caused by one of its metabolites, endocannabinoid levels were measured in astrocytes treated with ADP, AMP, and adenosine, each at 100 M for 30 sec. No significant change in any lipid levels was observed (data not shown), suggesting that ATP itself increased 2-AG in these cells. Because 2-AG production was maximally increased by 3 mM of ATP incubated for 2.5 min, we characterized this response further.
ATP increases 2-AG via purinergic P2X7 receptors and requires extracellular calcium and diacylglycerol lipase activity
Two lines of evidence suggest the involvement of P2X 7 receptors in the ATP-induced increase in 2-AG production. First, millimolar concentrations of ATP are required to fully induce this response, and P2X 7 is the only purinergic receptor subtype requiring millimolar concentration of ATP for activation, EC 50 ϭ 780 M Figure 2 . ATP selectively, dose-dependently, and time-dependently increases 2-AG production by mouse astrocytes. Mouse astrocytes in primary culture were treated with culture media (basal levels, dotted line) or ATP at increasing concentrations for 30 sec (EC 50 ϭ 1.4 mM) ( a) or with ATP at 100 M (closed circles) or 3 mM (open squares) for indicated times ( b). Endocannabinoids and related lipids were extracted, purified, and quantified by CI GC-MS. Levels of PEA, OEA, AEA, HEA, and DEA were not significantly affected by ATP (data not shown). Basal levels of all endocannabinoids measured did not change significantly at any time points examined (data not shown). *ANOVA followed by Dunnett's post-test; p Ͻ 0.05; n ϭ 4 -53. (Chessell et al., 1998) . Second, pretreating astrocytes with oxidized ATP, a P2X 7 receptor antagonist (Murgia et al., 1993; Wiley et al., 1994) , abolished the 3 mM ATP-induced 2-AG production (Fig. 3a) . Note that pertussis toxin treatment, which inhibits G i/o proteins, did not alter the effect of 3 mM ATP-induced 2-AG production (Fig. 3a) , suggesting that P2Y receptors coupled to G i/o proteins are not involved.
Previous reports indicate that 2-AG production requires extracellular calcium entering cells through ionotropic receptors, which leads to a sustained increase in intracellular calcium ([Ca 2ϩ ] i ) increasing DGL activity (Stella and Piomelli, 2001; Bisogno et al., 2003; Witting et al., 2004) . Indeed, preincubation of astrocytes with EGTA, which chelates extracellular calcium and eliminates the [Ca 2ϩ ] i plateau (Fig. 3b) , significantly reduced ATP-induced 2-AG production (Fig. 3a) . ATP at 100 M also yielded a rapid rise in [Ca 2ϩ ] i , but this response was followed by a much lower [Ca 2ϩ ] i plateau (Fig. 3b) , in agreement with the lower increase in 2-AG levels compared with ATP at 3 mM (Fig. 2b) .
DGL, an enzyme that has recently been cloned, is known to generate 2-AG by hydrolyzing diacylglycerol (Bisogno et al., 2003) . ATP-induced 2-AG production required DGL activity, because the DGL inhibitor RHC80267 significantly reduced this response (Fig. 3a) .
Astrocytes express functional MGL
A rat MGL was recently cloned and shown to be the primary metabolizing enzyme of 2-AG in neurons (Dinh et al., 2002) . Three lines of evidence suggest that astrocytes also express MGL. First, using total RNA extracted from cultured astrocytes, we amplified by RT-PCR an amplicon of appropriate size and sequence, suggesting that these cells express mRNA encoding for MGL (Fig.  4a) . Second, using an antibody directed against MGL and Western blot analysis (Dinh et al., 2002) , we found that cultured astrocytes express a protein that migrates at ϳ30 kDa, corresponding to the expected size of MGL as shown in neurons (Fig. 4b) , suggesting that mouse astrocytes in culture express MGL protein.
Third, cell homogenates of cultured astrocytes hydrolyzed 2-AG radioactively labeled on its arachidonic acid moiety into arachidonic acid in a time-dependent manner (Fig. 4d) . Addition of increasing concentrations of radioactive 2-AG (7.5, 25, 75, and 250 pM) led to increased radioactivity in the arachidonic acid fraction (data not shown). This enzymatic activity was inhibited by ATFMK and MAFP, two MGL inhibitors (Dinh et al., 2002) , whereas PTFMK and PMSF, two FAAH and PLA2 inhibitors, had no effect (Fig. 4e) . In agreement with the noninvolvement of FAAH in this hydrolysis of 2-AG, astrocyte homogenates demonstrated no FAAH activity; i.e., homogenates did not convert AEA into arachidonic acid (Fig. 4c) . Finally, MGL activity in homogenates of astrocytes was not significantly affected by ATP, calcium, or EGTA (Fig. 4e) , suggesting that this enzyme is not directly regulated by ATP and calcium levels.
Pharmacological control of 2-AG degradation
To determine if MGL controls 2-AG production, cultured astrocytes were pretreated with a MGL inhibitor, treated with ATP (100 M or 3 mM), and endocannabinoid production was determined. In pilot experiments, we found that MGL activity was maximally inhibited by 10 M of either ATFMK or MAFP (data not shown), thus we used these concentrations to examine alterations in endocannabinoid production. Basal 2-AG levels were enhanced by fivefold by ATFMK and by fourfold by MAFP (Fig.  5) . Although neither inhibitor significantly affected the maximum increase in 2-AG production induced by physiological (100 M, 30 sec) and injury-level ATP (3 mM, 2.5 min) (data not shown), both inhibitors augmented the sustained response determined at 10 min, a time point when 2-AG production is normally reduced (Fig. 1b) . Specifically, ATFMK and MAFP approximately tripled the ATP-induced (100 M) 2-AG levels (from sevenfold to 24-fold and 19-fold, respectively), and approximately doubled the ATP-induced (3 mM) 2-AG levels (from 46-fold to 74-fold and 113-fold, respectively) (Fig. 5) . Note that 100 M PTFMK did not affect the ATP (3 mM)-induced 2-AG levels determined at 10 min (data not shown). Together, these results suggest the decline in ATP-induced 2-AG production observed at 10 min is caused by MGL activity, and its pharmacological inhibition significantly enhances and prolongs 2-AG production. ATP increases 2-AG via P2X 7 receptors and requires extracellular calcium and DGL activity. a, Primary mouse astrocytes were pretreated with culture media (control), P2X 7 antagonist oxidized ATP (oATP, 300 M) for 2 hr, pertussis toxin (PTX, 0.3 g/ml) for 4 hr, EGTA (5 mM) for 10 min, or DGL inhibitor RHC80267 (30 M) for 10 min before ATP (3 mM) treatment for 2.5 min. Endocannabinoids and related lipids were extracted, purified, and quantified by CI GC-MS. 2-AG production is expressed as percentage of 3 mM ATP-induced 2-AG response. *ANOVA followed by Dunnett's post-test; p Ͻ 0.05; n ϭ 5-13. b, Primary mouse astrocytes were loaded with fura-2-AM dye to measure intracellular calcium levels. Fluorescence was imaged when cells were treated with ATP (3 mM) in the presence (control) or absence of calcium in the buffer (ϩEGTA), or with ATP (100 M). Traces are average responses of all the cells in the field of view (ϳ30 cells), representative of n ϭ 3 separate cultures.
Discussion
In this study, we show that ATP increases 2-AG production in mouse astrocytes in primary culture. This response is fast and robust when ATP is applied at injury-level concentrations, occurs via P2X 7 receptors, and requires both extracellular calcium and DGL activity. Furthermore, we show that astrocytes express a functional MGL enzyme, the pharmacological inhibition of which further increases and prolongs 2-AG production. To our knowledge, this is the first study reporting that a MGL inhibitor can potentiate receptor-dependent 2-AG production in cells.
Amounts of 2-AG in mouse brain are reported to be between 0.5 and 45 pmol/mg (Baker et al., 2001; Panikashvili et al., 2001; Marsicano et al., 2002; Watanabe et al., 2003; Hanus et al., 2003) , and in rat brain between 0.2 and 19 pmol/mg (Sugiura et al., 1995 (Sugiura et al., , 2000 (Sugiura et al., , 2001 Stella et al., 1997; Bisogno et al., 1999a,b; Kathuria et al., 2003; Ferrer et al., 2003; Di Marzo et al., 2000; Hansen et al., 2001 ). Which neural cell type accounts for this production of endocannabinoids? Primary cultures of rat neurons produce 16.5 Ϯ 3.3 pmol of 2-AG per milligram of protein (Stella and Piomelli, 2001) , whereas primary cultures of mouse neurons only produce 0.4 Ϯ 0.1 pmol of 2-AG per milligram of protein . Primary cultures of mouse microglial cells produce 7.0 Ϯ 0.8 pmol of 2-AG per milligram (Witting et al., 2004 ). Here we show that astrocytes produce 6.88 Ϯ 0.61 pmol of 2-AG per milligram of protein [a previously reported measurement was ϳ2 pmol/mg ]. Thus, because astrocytes are the most abundant cell type in the CNS, our results indicate that a substantial portion of 2-AG production in the brain may come from these cells.
Our data reinforce the notion that a sustained rise in [Ca 2ϩ ] i fueled by extracellular calcium is required to increase 2-AG production by cells. Indeed, activation of the P2X 7 receptor results in a prolonged opening of its pore, allowing large quantities of extracellular calcium to enter cells (North, 2002) . We show that the sustained rise in [Ca 2ϩ ] i induced by 3 mM of ATP, as well as the increased 2-AG production, are both reduced when EGTA chelates extracellular calcium. Do increases in 2-AG production systematically correlate with sustained rises in [Ca 2ϩ ] i ? This seems to be the case. In neurons, activation of NMDA receptors enhances [Ca 2ϩ ] i and increases 2-AG production (Stella and Piomelli, 2001 ). In macrophage-like cells, both platelet-activating factor and lipopolysaccharide induce sustained increases in [Ca 2ϩ ] i (Khoo et al., 2001; Hoffman et al., 2003) and increase 2-AG production (Berdyshev et al., 2001; Matias et al., 2002) . In microglial cells, activation of P2X 7 receptors also controls 2-AG production, although this response is much slower and less pronounced (Witting et al., 2004) .
Several laboratories have shown that astrocytes inactivate en- Figure 4 . Mouse astrocytes express a functional MGL. a, RT-PCR was performed with primers that recognize mouse MGL mRNA. We used reverse-transcribed total RNA from primary mouse astrocytes. RT-PCR products were the appropriate size (162 bp) and sequence. b, Western blot revealed that primary mouse neurons and astrocytes express a protein recognized by a MGL antibody at the appropriate size (ϳ30 kDa), representative of n ϭ 3 separate cultures. Labeling at this size was eliminated when antibody incubation was performed in the presence of immunizing peptide (data not shown). Astrocyte cell homogenates were incubated with
for increasing time points at 37°C. Lipids were chloroform-extracted and analyzed by thin-layer chromatography. Bands with the same retention time as arachidonic acid and AEA ( c) or 2-AG ( d) were scraped off, and radioactivity was therein determined (n ϭ 3-6). e, MGL activity, as measured by labeled arachidonic acid production, was significantly inhibited by ATFMK (10 M) and MAFP (10 M), whereas PTFMK (100 M) and PMSF (100 M) had no effect. ATP (3 mM), EGTA (5 mM), and extra calcium (CaCl 2 , 3 mM) did not affect MGL activity. *ANOVA followed by Dunnett's post-test; p Ͻ 0.05; n ϭ 6 -16. docannabinoids. However, whether this occurs through FAAH or MGL remained unclear until recently. Neurons account for the majority of FAAH expressed in brain, as assessed by immunohistochemistry; whereas limited expression of FAAH has been reported in astrocytes, suggesting that these cells play a minor role in AEA inactivation. Indeed, compared with liver homogenates, which express high FAAH activity (Cravatt et al., 1996) , homogenates from astrocytes in culture hydrolyze little, if any, AEA (Shivachar et al., 1996) (Fig. 4c) . Although FAAH has been suggested to participate in 2-AG breakdown in vitro (Goparaju et al., 1998 (Goparaju et al., , 1999 , this scenario is unlikely to occur in vivo because FAAH knock-out mice have elevated levels of AEA in the CNS (Cravatt et al., 2001) , whereas their 2-AG levels remain unchanged (B. Cravatt, personal communication). Furthermore, although PLA2 enzymes have been involved in 2-AG production (Bisogno et al., 1999a,b) , and both ATFMK and MAFP are know to inhibit these enzymes (Huang et al., 1996; Lio et al., 1996) , we show that PTFMK, a PLA2 enzyme inhibitor, neither affects 2-AG hydrolysis nor augments the ATP-induced 2-AG production, thus ruling out the involvement of these lipases in this response. Thus, our results suggest that astrocytes express MGL, which hydrolyzes 2-AG and finely tunes its production.
The MGL activity in cultured astrocytes differs from that of cultured microglial cells in one important manner: calcium does not affect MGL activity in astrocytes (Fig. 4e) , although it inhibits this activity in microglial cells (Witting et al., 2004) . Whether this differential sensitivity toward calcium is caused by astrocytes and microglial cells expressing different variants of MGL or different regulating enzymes altogether might account for the differences in kinetics of increased 2-AG production, a topic currently investigated in our laboratory.
In situ, astrocytes express P2X 7 receptors (James and Butt, 2002) . Thus, injured neural cells releasing millimolar amounts of ATP might increase 2-AG production from astrocytes as a protective mechanism. Sustained activation of cannabinoid receptors on neurons will inhibit the release of the excitotoxic neurotransmitter glutamate (Shen and Thayer, 1998; Sullivan, 1999) . It is also possible that this pronounced production of 2-AG constitutes a means to recruit microglial cells and invading macrophages, because these cells migrate toward 2-AG (Kishimoto et al., 2003; . Because cannabinoids inhibit the release of cytotoxins from microglial cells and invading macrophages and increase their proliferation rate (Waksman et al., 1999; Gallily et al., 2000; Cabral et al., 2001; Carrier et al., 2004) , as well as induce growth factor production and reduce edema (Jarai et al., 1999; Marsicano et al., 2003) , 2-AG production by astrocytes may aid in slowing or blocking the propagation of neuroinflammation and allied cell damage.
The functions of endocannabinoids in brain are starting to be understood. Here, we suggest that the activity-dependent production of 2-AG by the most prevalent cell type in the CNS may participate in the orchestration of neuroinflammation, possibly by preventing its propagation and harmful effects on neural cells. Pharmacological modulation of the targets involved in endocannabinoid production and degradation may be beneficial for augmenting the neuroprotective properties of the endocannabinoid signaling system.
